Quantal size and variation at chemical synapses could be determined presynaptically by the amount of neurotransmitter released from synaptic vesicles or postsynaptically by the number of receptors available for activation. We investigated these possibilities at Drosophila glutamatergic neuromuscular synapses formed by two separate motor neurons innervating the same muscle cell. At wild-type synapses of the two neurons we found a difference in quantal size corresponding to a difference in mean synaptic vesicle volume. The same finding applied to two mutants (dlg and lap) in which synaptic vesicle size was altered. Quantal variances at wild-type and mutant synapses were similar and could be accounted for by variation in vesicular volume. The linear relationship between quantal size and vesicular volume for several different genotypes indicates that glutamate is regulated homeostatically to the same intravesicular concentration in all cases. Thus functional differences in synaptic strength among glutamatergic neurons of Drosophila result in part from intrinsic differences in vesicle size.
Quantal size and variation at chemical synapses could be determined presynaptically by the amount of neurotransmitter released from synaptic vesicles or postsynaptically by the number of receptors available for activation. We investigated these possibilities at Drosophila glutamatergic neuromuscular synapses formed by two separate motor neurons innervating the same muscle cell. At wild-type synapses of the two neurons we found a difference in quantal size corresponding to a difference in mean synaptic vesicle volume. The same finding applied to two mutants (dlg and lap) in which synaptic vesicle size was altered. Quantal variances at wild-type and mutant synapses were similar and could be accounted for by variation in vesicular volume. The linear relationship between quantal size and vesicular volume for several different genotypes indicates that glutamate is regulated homeostatically to the same intravesicular concentration in all cases. Thus functional differences in synaptic strength among glutamatergic neurons of Drosophila result in part from intrinsic differences in vesicle size.
Key words: neuromuscular junction; Drosophila; vesicle size; dlg mutant; quantal size; quantal variance; glutamate; tumor suppressor genes; synaptic transmission; synaptic strength; ultrastructure; lap mutant Strength of synapses governs reliability and effectiveness of communication between neurons and target cells (Murthy et al., 1997) . Synapses display a wide range of strength arising from presynaptic and postsynaptic variables that are not yet fully understood. Ultrastructural and molecular differences among synapses contribute to their functional diversity (Atwood et al., 1997; Schikorski and Stevens, 1997; Staple et al., 1997; Msghina et al., 1998; Walmsley et al., 1998; Thomson, 2000) . In Drosophila we found ultrastructural features related to functional differences (quantal size and variance) between two glutamatergic motor inputs innervating the same muscle cell. Genetic modification of synaptic vesicle size affected quantal size, indicating that presynaptic mechanisms contribute to the production of different quantal sizes.
When a synaptic vesicle discharges its content of transmitter onto the postsynaptic receptor patch at a fast chemical synapse, a small current is generated, which is termed the "quantal current." The size of this quantal event varies among synapses and also at an individual synapse. Several studies have supported the hypothesis that quantal variation results from variation in synapse size and/or postsynaptic receptor number and density (Nusser et al., 1997; Oleskevich et al., 1999) . Others have argued that variation in the amount of transmitter released by synaptic vesicles is the major determinant of quantal size and variance (Bekkers et al., 1990; Liu et al., 1999; Engel et al., 2001; Hanse and Gustafsson, 2001; Ishikawa et al., 2002) . Both presynaptic structures (synaptic vesicles) and postsynaptic structures (receptor-bearing postsynaptic membrane) could, in principle, affect quantal size; the amount of released neurotransmitter varies with vesicle volume (Bekkers et al., 1990; Frerking et al., 1995; Finnegan et al., 1996; Bruns et al., 2000; Colliver et al., 2000) , whereas the postsynaptic response depends on the number of activated receptors, which varies with synapse size in many cases (Nusser et al., 1997; Oleskevich et al., 1999; Takumi et al., 1999) . Defined glutamatergic synapses of Drosophila, in which ultrastructure can be modified genetically and the physiological consequences can be assessed, provide an advantageous experimental approach to this basic question [as demonstrated by Zhang et al. (1998) ]. We examined whether differences in quantal size and variance are linked to differences in vesicle size or synaptic area. We used naturally occurring and genetically induced variations in vesicle size and synapse size in identified motor neurons of Drosophila to test these possibilities. Our evidence supports a presynaptic basis for quantal effectiveness.
A preliminary report of these findings has been presented in abstract form .
MATERIALS AND METHODS
Fl y stock s. C anton-S (C S) wandering third instar larvae were selected for initial analysis of glutamatergic nerve terminals on abdominal muscles 6 and 7. These larvae served as controls for discs-large, dlg m52 larvae (Lahey et al., 1994) selected for analysis of quantal synaptic events and ultrastructure. The dlg m52 allele has a deficiency in the region Df(1)N71(df) (deficiency stock was obtained from the Bloomington Stock C enter, Bloomington, I N). The dlg m52 females used in these studies were obtained by crossing Df(1)N71/ Y; Dp (1:2) v[65b]/ϩ ϫ dlg/ FM7. The selected female wandering third instar larvae were found to have large tumors in the brain and imaginal discs (Lahey et al., 1994) . dlg was driven in both nerve and muscle to rescue the mutant phenotype via the P insertions, BG380 and BG487, respectively. Female larvae, dlg m52 BG380/ Df(1)N71; BG487/ UAS dlg ϩ , with normal-looking brains were selected for analysis . Analysis of quantal size also was performed in lap/df mutant larvae, selected as described by Z hang et al. (1998) . Stocks were reared on cornmeal medium (at 25°C, 60 -70% relative humidity).
Physiolog ical procedures. E xperiments were performed on muscle 6, abdominal segment 3 at room temperature. This muscle is innervated by two glutamatergic motor neurons with different physiological properties (Kurdyak et al., 1994; L nenicka and Keshishian, 2000) . The preparation was bathed in hemolymph-like solution (HL3) of the following composition (in mM): 70 Na ϩ , 5 K ϩ , 1 Ca 2ϩ , 20 Mg 2ϩ , 10 NaHC O 3 , 5 trehalose, 115 sucrose, and 5 N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES) .
Nerve terminals were viewed live with an upright microscope (Optiphot-2, Nikon, Tokyo, Japan) by using a 40ϫ water immersion lens and Nomarski optics. Images were captured and displayed on a computer (Apple Macintosh 7500/100) with a low-light-intensity TV camera (Panasonic W V-BP310, Secaucus, NJ).
Electrical recordings. Simultaneous intracellular and macropatch recordings of spontaneous quantal events were made with an Axoclamp-2A amplifier, as described previously . Impalements displaying resting membrane potentials more negative than -70 mV throughout the course of the experiment were chosen for analysis. The MacLab/4s data acquisition system (AD Instruments, Sydney, Australia) was used to capture and store data on the same computer used simultaneously for the visualization of nerve terminals.
Focal macropatch electrodes (tip diameters of ϳ5 m) were filled with HL3 solution; electrodes of this size enclosed a single bouton. Well separated boutons were selected for recording after the preparation had been bathed in the mitochondrial dye 3,3Ј-diethyloxadicarbocyanine iodide [DiOC 2 (5)] at a concentration of 0.3 M in HL3 to aid visualization. The dye was applied for 45 sec, and then the preparation was rinsed thoroughly in HL3 solution before recording . One bouton was recorded per larva; n represents the number of boutons from which recordings were made.
The externally recorded quantal events represent voltage changes in the external solution, as described by del C astillo and Katz (1956) . Changes in electrode size, relative to changes in bouton size and in amount of SSR included in the macropatch electrode, do not affect the recorded quantal size . Furthermore, there was no correlation between bouton surface area and quantal size for either type 1b (r ϭ 0.28; p ϭ 0.35; n ϭ 13) or type 1s (r ϭ 0.08; p ϭ 0.78; n ϭ 15) boutons. This held for boutons of the same muscle fiber and for those of different muscle fibers. Thus quantal size is not related to bouton size within a selected population of boutons. In this preparation macropatch electrodes enclosing a single bouton do not form a tight seal with the surface; seal (or contact) resistances of 0.05-0.20 M⍀ were measured, which remained constant throughout the recording sessions. The sizes of the externally recorded quantal events were not related to the contact resistance, and the observed differences in quantal size appeared consistently in different recordings, providing a good comparison of relative quantal size among genotypes.
Statistical procedures. The statistical procedures outlined here, which were designed to identif y spontaneous quantal events at boutons selected for recording, are modified from those described by Wong et al. (1999) . Data were obtained from simultaneous measurements of miniature excitatory junctional currents (mEJC s) and miniature excitatory junction potentials (mEJPs). Because the data constituted a two-component Gaussian mixture of signals and contaminants, the following steps were undertaken: (1) reduce the bivariate data (mEJP i , mEJC i ) of independent observations (i ϭ 1. . . , N ) to one dimension by calculating the angles (␣ 1 . . . , ␣ N ) the points subtend with the mEJC axis when plotted against one another; (2) classif y the angles (␣ i ) as signals or contaminants by using the Bayes decision rule.
The posterior probability of an angle belonging to the signal group is given by the equation derived from Bayes rule:
The Gaussians g S (␣) and g C (␣) can be described in the general form:
where j and j represent the mean and SD of the jth component. Because we assumed it is equally costly to misclassif y a signal or a contaminant, the probability of observations falling into either group can be assigned the value 0.5. Observations are classified as signals when P S (␣) Ն 0.5. Furthermore, it is important to note that the choice of P S (␣) would have minimal effects when signals and contaminants are well separated (76% of our recordings), with the possible inclusion of a very few contaminants into the signal group at low P S (␣) values, or with the possible inclusion of a few signal values into the contaminant group at high P S (␣) values. Either way, the impact on our estimates of quantal size for the signal group will be negligible. Our choice of P S (␣) would have greater effects when signals and contaminants are not well separated (24% of our recordings). Using lower values of P S (␣) would include greater numbers of contaminants in the signal group; the opposite effect would apply for larger P S (␣) values. Therefore, the choice of P S (␣) ϭ 0.5 is most appropriate for this small percentage of recordings. However, we believe this method works well in all cases because we find that contaminants are always significantly smaller and have longer rise times than signals, consistent with expectations (see Fig. 3 ). Data measurement and evaluation. MacLab data files were converted to IgorPro 3 (WaveMetrics, Lake Oswego, OR) for measurements and analysis with subroutines especially written for the software . Measurements of signal and noise voltage amplitudes were obtained as described previously [Redman (1990) , his Fig. 1 ; Karunanithi et al. (1995) ; Bennett et al. (1996) ]. We obtained the distribution of noise amplitudes for each experiment, from which we derived the mean and SD. The mean noise amplitude was zero and displayed a small SD. Because the signal-to-noise ratio (quantal amplitude/SD of the noise) was large, there was no necessity to perform deconvolution analysis to separate the true mEJC distribution from the noise distribution. For example, in measurements from 1b boutons, the mean SD of noise was 20 Ϯ 0.0 V (n ϭ 11), and signal-to-noise ratios averaged 15.5; also, only 1.3% of the total mEJC variance was attributed to noise. Because the mEJC amplitudes were much larger than 1 SD of the noise, measurements of mEJC amplitudes were affected little by noise.
Student t tests were used to assess significance between two groups as well as between nonoverlapping groups. The nonparametric tests, oneway ANOVA and the Kolmogorov-Smirnov (K-S) test, were used to assess statistical differences. In all cases, statistical significance was assessed when p Ͻ 0.05. The mean Ϯ SE are given where necessary. The K-S test was used to compare the shapes of standardized distributions. Distributions were standardized by subtracting the mean and then normalizing to 1 SD (Frerking et al., 1995) . The coefficient of variation (C V) is obtained by dividing the SD of a population by its mean. It is expressed as a percentage throughout this paper.
Electron microscopy. Larvae were fixed in a mixture of 2% glutaraldehyde and 2% formaldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, for 2 hr, washed in buffer for 1 hr, and postfixed in 2% osmium tetroxide for 1 hr. After a brief wash in buffer, the tissue was dehydrated in ethyl alcohol and propylene oxide, infiltrated in Epon /Araldite, and embedded for 2 d at 60°C.
The nerve terminals of motor neuron RP3 produce 1b boutons and nerve terminals of motor neuron 6/7b produce 1s boutons, and both motor neurons innervate muscle fibers 6 and 7 (Keshishian et al., 1993; L nenicka and Keshishian, 2000; Hoang and Chiba, 2001 ). Series of thin sections were cut from muscles 6 and 7, segment 3, with a diamond knife on a Reichert Ultracut Ultramicrotome and mounted on Formvar-coated slotted grids. Sections were stained in uranyl acetate and lead citrate and photographed on a Hitachi H-7000 transmission electron microscope. Nerve terminals and synapses were digitized and reconstructed with the use of a GTC O (Columbia, MD) digitizing tablet and H V EM threedimensional software (Young et al., 1987) ; synaptic areas were determined as described previously (Cooper et al., 1995) .
Synaptic vesicle measurements. The outside diameters of synaptic vesicles were measured at magnifications of 125,000ϫ to 200,000ϫ. According to Fox (1988) , 200 vesicle profiles suffice to obtain an adequate estimate of the mean size and distribution; we adopted this criterion. Vesicle profiles selected for analysis were circular with grayish translucent cores, were uniformly thick, and had well defined continuous membranes. C aps or ghosts of vesicles were excluded from the measurements. At least three series were used for analysis in each genotype except for the "dlg rescue" larvae, for which two series were used. The thickness of the sections cut for electron microscopy was 75 nm, and observed means of vesicle diameters ranged from 38.5 to 50.5 nm. Histograms of vesicle diameters showed a pronounced right-hand "shoulder" above the modal value in all cases, a clear indication of nonuniform vesicle sizes (see Fig.  1 ). Because some of the smaller vesicle profiles likely resulted from sections of vesicles cut at less than their diameters, corrections were made to adjust for this sectioning artifact. We compared the corrections of Froesch (1973) and of Parsons et al. (1995) , both of which increased the estimated means of the vesicle populations (see Fig. 1 ). The correction of Froesch (1973) consistently produced a smaller increase in the mean diameter and was preferred because it also could be used to correct the vesicle size distribution. The variance of vesicle diameter was not affected greatly by the corrections (see Fig. 1 ).
In calculating the volumes of the vesicles, we used both outer diameters (Table 1 ) and inner diameters (outer diameter less twice the vesicle membrane thickness; Table 2 ). The average vesicle membrane thickness estimated from all genotypes was 9.2 Ϯ 0.2 nm (n ϭ 120). In principle, the amount of transmitter in a vesicle should be related to its membranebound content ("inner volume").
RESULTS

Normal occurrence of synaptic vesicle size difference
Although recent results from several studies have indicated that quantal size variation may be attributable to variation in the amount of neurotransmitter released from synaptic vesicles (Frerking and Wilson, 1996; Hanse and Gustafsson, 2001) , a model of differential transmitter release has been lacking. Possibilities include differences in vesicle size and differences in duration of fusion pore opening or release efficiency (Choi et al., 2000; Elhamdani et al., 2001; Renger et al., 2001 ). Via ultrastructural observations of Drosophila synapses, we observed vesicle size differences that could account for mean quantal size and variance. We measured quantal size and synaptic ultrastructural features in two identified Drosophila motor neurons to examine presynaptic and postsynaptic structural features related to quantal amplitude. The two neurons, designated RP3 and 6/7b (Keshishian et al., 1993) , innervate the larval ventral longitudinal muscles 6 and 7 and supply synaptic boutons that differ structurally Lnenicka and Keshishian, 2000) ; the boutons of the RP3 neuron (type 1b) are, on average, larger and possess more synapses, active zones, and mitochondria than those of the common excitor neuron 6/7b (type 1s boutons). Also, the enveloping subsynaptic reticulum (SSR) is more voluminous around type 1b boutons (Fig. 2a) . Both neurons use glutamate as their primary neurotransmitter substance (Johansen et al., 1989) . In electron micrographs from CS larvae we discovered that synaptic vesicles differ significantly in size in the two bouton types, whereas synaptic contact areas do not (Figs. 2, 3) .
The two bouton types, embedded in the SSR, are found close together on the muscle fiber surface (Fig. 2) ; thus the conditions Corrected values were derived by using the correction of Froesch (1973) . Percentage increases from observed values are shown in brackets.
of fixation would be the same for both. We measured synaptic vesicle diameters (inner and outer) in paired boutons and calculated the corresponding vesicle volumes. Synaptic vesicles in 1s boutons were 18.0% larger in mean corrected outer diameter than those in 1b boutons ( p Ͻ 0.001) (Fig. 3 , Table 1 ). This difference translates into a 67.7% difference in mean vesicle volume ( p Ͻ 0.001; Table 1 ). The measurements of uncorrected vesicle outer diameter in 1b boutons agree with values reported previously (Zhang et al., 1998) . Thus the two neurons normally possess synaptic vesicles of different mean volume that could, in principle, influence quantal size.
Genetic influence on synaptic vesicle size in dlg mutant larvae
We observed that synaptic vesicles of the dlg null mutant, dlg m52 , known for its postsynaptic structural abnormalities (Lahey et al., 1994; Budnik et al., 1996) , are larger than normal in diameter ( p Ͻ 0.001 for both 1b and 1s boutons) (Fig. 3, Tables 1, 2 ) and volume ( p Ͻ 0.001 for both 1b and 1s boutons; Tables 1, 2 ). Mutant rescues, in which dlg expression was driven both presynaptically and postsynaptically, exhibited reduced vesicle size in both 1b and 1s boutons (Fig. 3, Tables 1, 2 ). In fact, vesicles were slightly smaller than in controls ( p Ͻ 0.001 for both 1b and 1s boutons for both diameter and volume); this may relate to the dosage levels of dlg used to drive expression in nerve and muscle tissue. The difference in vesicle size between type 1b and 1s boutons is retained in controls, mutants, and rescues (Fig. 3,  Tables 1, 2 ).
Synaptic contact areas in CS and dlg mutant larvae
To assess whether postsynaptic morphological factors relate to quantal size differences, we made serial reconstructions of CS (Fig. 2e) , dlg m52 (Fig. 2f ) , and dlg m52 mutant rescue boutons, and we measured synaptic contact areas (Fig. 2g) . In CS larvae the mean synaptic area is not significantly different between 1b and 1s boutons ( p ϭ 0.101), in agreement with previous studies Stewart et al., 1996) .
Individual dlg m52 boutons exhibited unusual features, previously unreported; dlg synapses are significantly larger than in controls (1b, p ϭ 0.048; 1s, p ϭ 0.005) and often include "giant" synapses that envelop a larger than normal percentage of the surface area of the bouton (Fig. 2b,c,f ) . These large synapses could represent separate synapses that have become fused and enlarged. Three reconstructed dlg 1b boutons and three of 10 dlg 1s boutons were enveloped by a single confluent synapse. At Drosophila neuromuscular junctions DLG has important effects on postsynaptic components: clustering of shaker K ϩ channels and the cell adhesion molecule Fas II, and regulating the extent of the SSR (Koh et al., 2000) . The enlargement of synaptic contacts represents an additional effect on synaptic structure. In mutant rescues the synaptic areas returned to near-control sizes for 1b boutons ( p ϭ 0.97) but were smaller than controls for 1s boutons ( p ϭ 0.016) (Fig. 2) . Thus both presynaptic structures (synaptic vesicles) and postsynaptic structures (SSR and synaptic contact area) are influenced by the dlg gene. Relationships among synapse size, vesicle size, and quantal size can be tested experimentally for CS and dlg mutant synapses.
Definition of quantal events at individual boutons
Using a focal macropatch electrode to record synaptic activity extracellularly, we compared quantal size at individual visualized boutons. Type 1b and 1s boutons were identified easily for selective recording (Fig. 4a) . However, recording from identified, physically isolated boutons in this manner does not ensure complete electrical isolation, because the SSR in which the boutons are embedded often conducts contaminating signals from adjacent boutons . "Chemical isolation" of boutons by recording in a Ca 2ϩ -free solution while retaining Ca 2ϩ in the macropatch pipette is not feasible, because spontaneous quantal events continue to occur in Ca 2ϩ -free solutions. Accordingly, statistical procedures have been developed to separate with good confidence the spontaneously occurring quantal signals at a selected bouton from contaminants generated at nearby boutons (Fig. 4b) .
Spontaneously occurring quantal current events (mEJCs) at individual boutons in CS and dlg mutant larvae were matched with their corresponding mEJPs recorded intracellularly. Plotting mEJC amplitudes against the corresponding mEJPs usually showed two classes of event. The bouton-specific mEJC signals display a quasi-linear covariation of amplitude with corresponding mEJPs (Fig. 4b, open circles) ; this covariation is absent in contaminants (Fig. 4b, filled circles) . The two classes can be distinguished statistically when the observations are reduced to one dimension by calculating the angle (␣) each observation makes with the mEJC axis. Signals reside at shallower angles (Fig. 4c, open bars; 4b, open circles) than contaminants (Fig. 4c,  hatched bars; 4b, filled circles) . The amplitude-frequency distri- bution of signal mEJCs (Fig. 4d, open bars) displays larger values than the contaminant mEJC distribution (Fig. 4d, filled bars) . By matching mEJCs with their corresponding mEJPs, we also can generate an amplitude-frequency distribution of signal mEJPs (Fig. 4e) . The rise times of mEJCs identified as signals (Fig. 4f , solid line, inset) are significantly faster than those of contaminants (Fig. 4f, broken line, inset) . Plots of rise time against mEJC amplitude reveal that signals (Fig. 4f, open circles) generally combine larger amplitudes and faster rise times than contaminants (Fig. 4f, filled circles) . Thus contaminants can be separated from signals because of their different properties. This method, which reduces the misclassification of contaminants as signals, avoids the variable underestimation of the mean amplitude of signal mEJCs that would result from the inclusion of contaminants. In the remainder of this paper the analysis will be confined to signals.
Accounting for quantal size and variance at 1b and 1s boutons
Quantal size has not been compared previously for 1b and 1s boutons. In macropatch recordings of mEJCs from individual identified 1b and 1s boutons, quantal size is 53.1% larger for 1s boutons (0.47 Ϯ 0.06 mV) than for 1b boutons (0.3 Ϯ 0.02 mV) (Fig. 5a) . We attempted to account for the factors that generated differences in quantal size between the two bouton types. Specifically, we asked whether quantal size is linked to differences in synapse or vesicle size. In recent studies the immunolabeling of mammalian synapses has shown that the postsynaptic receptor number is related linearly to synaptic area (Nusser et al., 1997; Mackenzie et al., 1999; Oleskevich et al., 1999; Takumi et al., 1999) . If this were to hold true at 1b and 1s boutons, the difference in quantal size between the two bouton types could result from differences in the number of postsynaptic receptors available for activation. Alternatively, quantal size differences could result from differences in the amount of transmitter released at 1b and 1s synapses, possibly related to differences in vesicle volume. Synaptic areas were not significantly different between 1b and 1s boutons and therefore could not account for the quantal size differences if receptor density is similar for both types of synapse. However, in 1s boutons outer and inner vesicle volumes were greater than in 1b boutons (see Tables 1, 2 ) and therefore potentially could explain the quantal size differences.
Another method of testing between the two possibilities was to determine whether variation in quantal amplitude at both bouton types corresponds with variation in synaptic areas or vesicle volume. The coefficient of variation (CV ϭ SD/mean) for mEJC amplitude (or quantal variance, CV mEJC ) has been used in previous studies to identify the locus of variation in quantal amplitude. When quantal variance is greater than the variance attributable to transmitter-receptor interactions (5-15%), postsynaptic receptors likely are unsaturated by a quantum of released transmitter (Faber et al., 1992; Frerking and Wilson, 1996; Liu et al., 1999; McAllister and Stevens, 2000) . Quantal variances at 1b and 1s boutons were large, but not significantly different ( p ϭ 0.31) (Fig. 5b) , indicating that both bouton types share a similar source of quantal variability. We attempted to identify this source of variability and tested whether it resulted from variation in synapse size or vesicle volume.
The standardized cumulative frequency distributions (Nusser et al., 1997) of mEJCs and synaptic areas (Fig. 6a,b) were compared by using the K-S statistical test. This test revealed a significant difference between the two distributions for 1s boutons, but not for 1b boutons. Thus the variation in mEJC amplitude probably is not determined by variation in synaptic areas at 1s boutons, although it could be at 1b boutons. If the variance arises from a common source, the very similar CV mEJC values of the two bouton types exclude synaptic area variation as the main factor.
We next determined whether vesicle size distributions could account for the quantal variances at both bouton types, assuming that all vesicles contain the same concentration of glutamate. We compared the standardized cumulative frequency distributions of mEJC amplitudes and vesicle volumes (Bekkers et al., 1990) . For both 1b and 1s synapses the K-S test revealed no significant difference between the two distributions (Fig. 6c,d ). The observed CV mEJC values could be attributed to variation in transmitter content from individual synaptic vesicles related to vesicle volume. Thus the larger mean quantal size recorded at 1s boutons (Fig. 5a ) correlates with their larger synaptic vesicles, whereas quantal variance matches that of the vesicle size distribution (Figs. 5b, 6c,d ).
Variation in vesicle size could account for quantal variance in dlg mutants
Records of mEJCs were analyzed for type 1s boutons of dlg m52 mutants. Type 1b boutons in dlg preparations were usually difficult to record from in our specimens, being sandwiched between muscles 6 and 7, so they were not included in this analysis. Mean quantal size of dlg 1s boutons was significantly larger (51.0%) than for CS 1s boutons (Fig. 5a) . In dlg 1s boutons the synapses and corrected outer (inner) vesicle volumes were 258.3 and 47.8% (81.5%), respectively, larger than in CS 1s boutons. The increase in quantal size correlated well with the increase in vesicle volume, but not with that of synapse area, indicating that the amount of transmitter released is the more likely determinant of quantal size at dlg 1s boutons. Similar CV mEJC values were found for dlg 1s boutons and CS 1s boutons ( p ϭ 0.95) (Fig. 5b) , indicating a common source of variability. Standardized cumulative frequency histograms of mEJC amplitudes and vesicle volumes were com- Figure 5 . Quantal size differs with input and phenotype, whereas variance is similar for all cases. a, Summary of the mean signal mEJC amplitude parameters from the five types of bouton that were investigated (1b, n ϭ 10; 1s n ϭ 11; dlg 1s, n ϭ 10; dlg 1s res., n ϭ 8; lap 1b, n ϭ 7). A one-way ANOVA test revealed significant differences among the groups ( p Ͻ 0.0001). Pairwise comparisons of signals via a Student's t test revealed significant differences in mean mEJC amplitudes between 1b and 1s boutons ( p ϭ 0.020), 1b and dlg 1s boutons ( p Ͻ 0.001), 1s and dlg 1s boutons ( p ϭ 0.021), 1b and dlg 1s res. pared. At dlg 1s boutons the K-S test revealed no significant difference between the two distributions (Fig. 6e) .
In dlg rescues (dlg res.) the quantal size was restored to control values (Fig. 5a) . The K-S test revealed no significant difference between standardized cumulative frequency plots of quantal amplitude and vesicle volume (Fig. 6f ) . Because CV mEJC values for CS Is, dlg 1s, and dlg 1s res. were similar (Fig. 5b) , despite large differences in synapse area (Fig. 2g) , the common source of variability most likely arises from variability in vesicle volume. Thus the larger vesicles of dlg 1s boutons and their size variation can account for the larger quantal currents and their observed variation. These results indicate that the dlg m52 mutation most likely increases quantal size via an effect on the size of synaptic vesicles.
To ascertain further whether vesicle size is the likely determinant of quantal size, we examined the lap mutant for which the 1b boutons contain vesicles similar in mean uncorrected outer diameter (49 nm) (Zhang et al., 1998) to those of dlg 1s boutons (lap 1b vesicles are ϳ14.7% smaller in uncorrected outer volume than dlg 1s vesicles). Quantal size in lap has been measured by Zhang et al. (1998) by using whole-cell voltage clamp, which does not distinguish the boutons from which mEJCs originate. In the present study we selected 1b boutons to compare their mEJCs with those of dlg m52 1s boutons. Quantal size (Fig. 5a ) and variance ( p ϭ 0.091) (Fig. 5b) were not significantly different for the two bouton types. Again, the similar CV mEJC values indicate that quantal variance is determined predominantly by variation in vesicle volume. Furthermore, if receptor subcomposition or number (Petersen et al., 1997) were different between 1b and 1s bouton types, similar-sized vesicles containing similar amounts of transmitter should produce different quantal sizes in the lap and dlg m52 comparisons; however, this is not the case. Thus quantal size and variance seem to be controlled by presynaptic factors, namely, vesicle size.
General relationship between quantal size and vesicle volume
A linear relationship between vesicle volume and quantal amplitude appears when mean values for both measurements are plotted for all of the different genotypes of the present study (Fig. 7) . This relationship further supports the hypothesis that quantal amplitude is determined to a large extent by synaptic vesicle volume and transmitter content. If quantal size indirectly represents the glutamate that has been released, the linear relationship in Figure 7 indicates that the concentration of glutamate (mol/ vol) in synaptic vesicles is constant. Because this relationship was established by recording from different inputs and genotypes, it further indicates that glutamate concentration is regulated ho- meostatically to a constant value, although vesicle size varies among inputs.
DISCUSSION
We have presented new evidence for normally occurring differences in quantal size at synapses of two glutamatergic neurons in Drosophila and for genetic regulation of quantal size by the tumor suppressor dlg gene, which alters synaptic morphology (Lahey et al., 1994) and neurotransmission . The differences in quantal size correlate well with differences in synaptic vesicular volume and thus with transmitter content. The findings strengthen the case for presynaptic regulation of quantal size and reveal a novel mechanism for normal differentiation of synaptic physiological properties: vesicle size differences among synaptic inputs. The results fit a relatively simple model in which the amount of transmitter released by a vesicle is predicted by its size, with postsynaptic receptors normally not saturated by released transmitter (cf. Liu et al., 1999) and with no requirement for variable release efficiency or fusion pore opening.
Vesicle size and synaptic differentiation
The normally occurring size difference between synaptic vesicles in two identified neurons constitutes a new feature of synaptic differentiation. Electron microscopic studies previously have revealed differences in size and shape between GABAergic and glutamatergic boutons in the mammalian CNS (Uchizono, 1965; Hámori et al., 1990) and in arthropod excitatory and inhibitory neurons (Uchizono, 1967; Atwood and Tse, 1993) , but a vesicle size difference between two glutamatergic neurons innervating the same postsynaptic target cell has not been found previously. In Drosophila the functional outcome is a difference in quantal size; fewer quantal events would be needed to achieve a given level of excitation at 1s boutons, which in fact generate larger EJPs (Kurdyak et al., 1994; Lnenicka and Keshishian, 2000) .
Vesicle size has been found to respond to the level of synaptic activity in several instances. Inactivity was shown to cause an enlargement of synaptic vesicles in the electroreceptor afferents of gymnotid fish, which can be reversed by stimulation (Maler and Mathieson, 1985) , whereas prolonged high-frequency stimulation produces a reduction in vesicle size in lamprey reticulospinal axons (Wickelgren et al., 1985) and in the electric organ of Torpedo (Zimmerman and Whittaker, 1974) . By recording motor pattern discharge (fictive locomotion; Cattaert and Birman, 2001) from either 1b or 1s boutons, we found that almost all of the synaptic activity was generated by 1b boutons, which contain the smaller vesicles; very little activity was recorded from 1s boutons containing the larger vesicles (our unpublished observations). Probably 1s boutons participate in less frequent, more vigorous motor responses. Thus our preliminary observations are consistent with those of previous studies: synapses experiencing more electrical activity have smaller synaptic vesicles.
Accounting for quantal variance
Synapse area and vesicle volume variations in control and dlg mutant boutons provided an opportunity to test whether quantal variance could be explained by either of these morphological features. Recent results for mammalian central synapses have not favored one alternative over the other consistently (Auger and Marty, 2000) . The amplitude distribution of mEJCs correlates well with the third power of vesicle diameter (or vesicle volumes), as reported for hippocampal cultures and slices (Bekkers et al., 1990 ) and monoamine-secreting cells (Finnegan et al., 1996; Bruns et al., 2000) . In contrast, Frerking et al. (1995) found that mIPSC amplitudes correlate with the sixth power of vesicle diameter distributions at dynapses in cultured amacrine cells; they concluded that variation in mIPSC amplitudes arises from variation in the amount of released transmitter and that the correlation with the sixth power of vesicle diameter relates to the requirement for two transmitter-receptor interactions for channel opening. At present, we are not able to account for the difference in the power dependence of GABAergic mIPSCs (Frerking et al., 1995) and glutamatergic EPSCs (Bekkers et al., 1990 ; this study). All of these studies support the implication that quantal amplitude variability arises from variation in the amount of glutamate released by a synaptic vesicle. For Drosophila the strong correlation between the distributions of mEJCs and vesicle volumes at all inputs and the linear relationship between quantal size and vesicle volume indicate that the vesicles empty their transmitter content abruptly during exocytosis; partial emptying of vesicles during exocytosis, as suggested at other synaptic types (Choi et al., 2000; Renger et al., 2001) , may not contribute to the quantal variability at Drosophila synapses. The large and similar CV mEJC values recorded in all five types of synapse indicate that postsynaptic receptors of these synapses are not saturated. This is consistent with observations in other systems (Silver et al., 1996; McAllister and Stevens, 2000; Ishikawa et al., 2002) and is in accord with the type of model proposed by Bartol et al. (1991) in which receptors close to the point of vesicle exocytosis are activated strongly by released transmitter, whereas those further away are less likely to be activated but could be recruited if more transmitter is released by a vesicle.
The alternative explanation, variation in number of receptors at individual synapses with saturation or near-saturation of available receptors, is less well supported by our data, although it has been proposed in studies of mammalian synapses (Tang et al., 1994; Harris and Sultan, 1995; Nusser et al., 1997; Lim et al., 1999) . If postsynaptic receptors were saturated, quantal variance would be small, arising from stochastic receptor-transmitter interactions (Frerking and Wilson, 1996) . The studies of Liu et al. (1999) and McAllister and Stevens (2000) conducted on individual, cultured glutamatergic hippocampal boutons (which display large quantal variations) indicate that only a fraction of the quantal variance (10%) arises from stochastic transmitter-receptor interactions, but the studies fail to account for the factors producing the bulk of the quantal variance. Our work on naturally formed glutamatergic synapses indicates that most of the quantal variance arises from variation in vesicular glutamate content. Our data do not suggest roles for "off-center" release (Uteshev and Pennefather, 1996) or structural variability of the cleft (Stiles et al., 2001 ) as significant contribution factors.
Glutamate concentration of synaptic vesicles
For quantal amplitude to be proportional to vesicle volume (Fig.  7) , the concentration of glutamate would have to be equal in all vesicles. Studies in other systems support this proposition; for example, monoamine-secreting vesicles of PC12 cells (Colliver et al., 2000) and 5-HT-containing vesicles of cultured leech Retzius cells (Bruns et al., 2000) contain uniform transmitter concentrations. However, in developing cholinergic neuromuscular junctions of Xenopus, the overexpression of a vesicular acetylcholine transporter increased quantal size (Song et al., 1997) ; whether this effect was accompanied by changes in vesicle size is not known. The present result indicates that constancy of vesicular transmitter concentration holds for normally formed glutamater-gic synapses. Probably glutamate concentration is regulated homeostatically in the same way at all inputs that have been examined in the present study. The genetic interventions (dlg and lap mutants) affect vesicle size, but probably not intravesicular glutamate concentration. The vesicular glutamate transporter may load vesicles to their maximal capacity, in which case larger vesicles would contain more glutamate (cf. Sulzer and Edwards, 2000) , in accordance with a "set point" rather than a "steadystate" model of vesicle filling (Williams, 1997) .
Genetic regulation of vesicle size
Occurrence of larger synaptic vesicles in dlg m52 indicates regulation of vesicle size by the dlg gene, perhaps via a mechanism different from that involving lap and stoned genes, which affect vesicle retrieval and recycling steps (Zhang et al., 1999) . DLG is known to be expressed both presynaptically and postsynaptically in Drosophila synapses and has effects on synaptic structure (Lahey et al., 1994; Budnik et al., 1996; Guan et al., 1996; Thomas et al., 1997) . The present data indicate that DLG affects vesicle size, but it has not been found in association with clathrin coats or synaptic vesicle membranes, unlike LAP and Stoned proteins. Nevertheless, other tumor suppressor genes are shown to affect endocytosis in vivo (Krishnan et al., 2001) . The mammalian homolog PSD-95, detected presynaptically as well as postsynaptically (Aoki et al., 2001) , transiently associates with perinuclear vesicles during sorting in hippocampal neurons (El-Husseini et al., 2000) . In Drosophila epithelial cells the dlg, lgl, and scribble tumor suppresser genes have been implicated in targeting of transport vesicles to cellular compartments and plasma membranes to maintain cell polarity (Bilder et al., 2000) . Furthermore, the lgl gene product was reported to coat transport vesicles (Peifer, 2000) . Thus products of the tumor suppressor genes are associated with vesicles and could influence their size.
Physiological implications
Our work shows that quantal size differences are correlated with vesicle size among synaptic inputs. We postulate that larger vesicles release more transmitter and thereby provide greater weighting per stimulus in synaptic excitation of the postsynaptic cell. The shared source of quantal variation is postulated to be variation in transmitter content among vesicles as determined by vesicle volume.
It is also possible that vesicle size may influence release probability, as indicated by theoretical studies (Glavinovic and Rabie, 2001 ). Probability of transmitter release is higher than normal in dlg mutants and higher at 1s synapses than at 1b synapses (Atwood et al., 1997) ; this order of release probabilities corresponds with the order of vesicle sizes.
